T he arbitrary patterning of biomolecules such as proteins and peptides on surfaces is useful for the development of cellular biosensors, biomaterials, and genomic arrays.
1,2 Biorecognition occurs over many length scales, and some of the most important events take place at the molecular or nanometer level; hence, robust and modular routes toward fabricating arrays with such precision become necessary. 3 Reports on a number of methods for preparing arrays approaching such precision have been described, including conventional photolithography, scanning probe techniques, nanografting, dip-pen nanolithography, contact lithography, printing, and self-assembled monolayers. A comprehensive review covering these and other methods has recently appeared. 4 Of the many patterning techniques being pursued, contact lithographic processes, such as nanoimprint lithography, show great promise. 5, 6 Imprint techniques have the advantage that they are not serial processes; hence, large areas can be simultaneously patterned with features of different length scales. Additionally, imprint equipment is not as complex or costly as other advanced patterning tools, allowing for high throughput, low cost fabrication. 7 Patterning of proteins on surfaces has been accomplished by thermal nanoimprint lithography (NIL) to produce patterned active layers. [8] [9] [10] In each of these cases, the first step is the imprinting of a poly(methylmethacrylate) (PMMA) layer that had been applied to a silicon wafer surface. After patterning of the PMMA, standard lithographic techniques such as masked deposition or inert material deposition followed by lift-off, and additional application of active materials, patterned layers of active materials on the silicon wafer surface were created. These active layers are either self-assembled *Address correspondence to krcarter@polysci.umass.edu.
monolayers (SAMs) 9, 10 or adsorbed copolymers 8 which permit patterning of proteins in the sub-100 nm size range. Another imprint method that has shown utility in the patterning of functional materials is nanocontact molding (NCM). 11, 12 An advantage of this technique compared with other available imprint methods is precise control of the chemistry through surface modification and incorporation of reactive functionality into the patterned cross-linked polymers. Complex functionality can be obtained by the covalent incorporation of functional inimers (compounds having both an initiator and monomer fragments) for "living" free radical polymerization into the photopolymer matrix (sample inimer structure is shown in Figure 1 ). Controlled "living" radical secondary brush polymerizations of styrene, acrylates, and other vinyl monomers from the embedded inimer sites yield polymer brush surfaces that offer the capability for adjusting imprinted feature sizes and chemical functionalities in the nanometer-size regime. 13 As a result, the surface properties of the patterned substrate can be radically altered. The grafting density of these brushes is quite high though difficult to determine due to the uncertainty in quantifying the accessibility of embedded inimer groups. Previous studies have shown that brush growth from films with inimer concentration as low as 5% gave brush height and molecular weight profiles consistent with densely packed brush layers. Patterned layers of polyflurorene grafts have also been made by an extension of this technique. 14 In a recent report, the utility of the patterning of polymers with embedded functionality to create metallic nanostructures has been described. 15 This current paper concerns a careful examination of the use of NCM to pattern a functional resin that is subsequently converted into a scaffold for the selective recognition and attachment of streptavidin protein. In the approach used here, NCM is performed on a photopolymer composition containing an alkoxyamine-based inimer. After patterning, brushes consisting of poly(N,Ndimethylacrylamide) (PDMA) are grown from the patterned layer by nitroxide-mediated polymerization (NMP). 16, 17 The key enabling step here is a new and robust technique for introducing functional groups at chain ends of surface-grafted polymer brushes via an in situ functionalized nitroxide radical exchange process, which occurs during the surface-initiated polymerization reaction. Though such nitroxide exchange has been described for linear polymers synthesized in solution, 18, 19 the use of this radical crossover chemistry from surface-grafted brushes has not been reported. This selective functionalization of the brush layer by alkoxyamine exchange occurs in a process whereby an alkoxyamine containing the desired functionality is exchanged with the inimer alkoxyamine during brush growth in such a way that, by the end of brush growth, the majority of brush chains are terminated with the functionalized nitroxide. Under the proper reaction conditions, this exchange process has been shown to be both rapid and quantitative, while at below 80°C , the alkoxyamine chain end has been shown in numerous studies to be fully stable. 18 The nitroxide exchange process is illustrated in Figure 2 where end functionality R 1 is replaced by R 2 . Using this functionalized nitroxide radical exchange process, pyrene and biotin functionalities have been incorporated at the chain ends of patterned PDMA brushes grown via surface-initiated NMP. The biotin chainend functionalities on the nanopatterned surfaces have been utilized as selective binding sites for streptavidin protein, resulting in the surface patterning of proteins. These systems also demonstrate a significant feature of this technique in that it opens up access to a wide array of functionalized structures and permits the incorporation of functional groups that are either very costly or incompatible with other patterning procedures. The modular nature of the process also allows libraries of functionalized structures to be prepared from one base material.
RESULTS AND DISCUSSION
To demonstrate the effective use of nitroxide exchange to introduce surface-tethered functional groups during surface-initiated polymerization, a pyrenefunctionalized alkoxyamine initiator, 2 (shown in Figure 1) , was prepared 20 as an agent to transfer pyrene groups to the chain ends of nanopatterned PDMA brushes. PDMA was selected due to its hydrophilicity and biocompatibility, hence its great potential in pharmaceutical and biomedical applications. 21 [31] [32] [33] [34] and reversible additionϪfragmentation chain transfer (RAFT). 35, 36 Initial experiments to test the nitroxide exchange principle were performed from flat polymer films. Accordingly, the inimer containing methacrylate-based photopolymer was applied to a silicon wafer surface by spin-coating and cured under UV light (365 nm). It should be noted that this wavelength is absorbed by pyrene units, so the presence of 2 in the original photopolymer mixture leads to inefficient cross-linking and thus prevents network formation. However, this is not the case for the secondary thermal process where PDMA brushes were grown from the cured photopolymer surface by NMP performed in the presence of an excess of alkoxyamine 2, leading to nitroxide exchange during polymerization ( Figure 3 ). After polymerization, the wafer was removed from the reaction vessel and washed extensively with acetone, dichloromethane, THF, and water to ensure complete removal of any free polymer from the wafer surface. Brush growth was confirmed by ellipsometry, as the film's thickness after brush growth increased from 36 to 130 nm. Brush growth was further supported by water contact angle measurements where the contact angle decreased from 81°(before polymerization) to 54°(after polymerization). The presence of pyrene end-groups was confirmed by UV/vis absorption and fluorescence measurements, where the functionalized surface had the expected pyrene absorbance peak at 335 nm and fluorescence emission peaks at 375 and 405 nm (excitation wavelength of 330 -380 nm) ( Figure 4 ). One consequence of performing brush growth by NMP while using an excess of alkoxyamine is the formation of "free" polymer chains in solution concurrent with surface brush growth. 13 This free polymer was precipitated and analyzed by gel permeation chromatography (GPC) in order to estimate the molecular weight and polydispersity of the PDMA brushes which were found to be M n ϭ 24 000 and PDI ϭ 1.18 demonstrating the controlled nature of the growth process and the potential to tune the thickness of the resulting thin films. 37 The brushes grown from these surfaces are consistent with what would be expected for densely packed brush layers, not low-density mushroom-like grafting coverage.
Nanocontact molding was used to prepare patterns of the inimer embedded photopolymer in a manner similar to previously reported studies. 13, 15, 38 Molds containing arbitrary test patterns with features ranging from 100 nm to 10 m were used. An optical micrograph image of the original silicon used in the nanocontact molding process is shown in Figures 5a , and a close-up of the 75 nm wide lines is shown in Figure 5b (SEM). The patterned inimer embedded photopolymer replica is shown in Figure 5c . Clearly, the nanocontact molding process very accurately reproduced the 75 nm line features of the master.
Surface NMP of styrene in the presence of excess alkoxyamine, 2, was utilized to grow pyrenefunctionalized polystyrene (PS) brushes from these patterned photopolymer features. The fluorescence emitted from the chain ends of the patterned PS brushes was clearly visible by optical microscopy ( Figure 6 ). The emission of fluorescence was only observed when exposed in the range of 330 -380 nm, and the patterns did not fluoresce when exposed to other wavelengths. A closer examination of the patterned surfaces was performed by atomic force microscopy (AFM) ( Figure 7 ) and scanning electron microscopy (SEM) (Figure 8 ). The patterned pyrenefunctionalized PS brushes show an increase in the width of the patterned lines. The initial feature width of the initiator embedded line was 75 nm which increased to 111 nm (⌬ 36 nm) after the PS brush growth. Brush growth was further supported by water contact angle measurements where the contact angle increased from 81°(before polymerization) to 96°(after polymerization). GPC of the free PS polymer isolated from the reaction solution had M n ϭ 34 700 and PDI ϭ 1.16. The success of this procedure demonstrates the ability to control the feature size, surface properties, and functionality of nanoscale features.
The complex of biotin with streptavidin and its structural homologue avidin are known to be among the strongest ligandϪprotein complexes, 39 with measured binding constants of 1.7 ϫ , respectively. 39, 40 Because of the very high binding affinities of biotin to these two proteins, biotinϪstreptavidin systems have been used effectively for attachment of streptavidin to biotinylated polymers, [41] [42] [43] [44] [45] [46] [47] carbon nanotubes, 48 etc. Additionally, since streptavidin is a tetramer with four binding sites, each site binding to one molecule of biotin, it has been shown that surface engineering of various other biotinylated proteins on streptavidin-bound surfaces is possible. 44, 47, [49] [50] [51] An alkoxyamine initiator bearing biotin was synthesized for the preparation of patterned brush layers end-capped with biotin functionality for the selective attachment of streptavidin protein. Hydroxymethyl-functionalized alkoxyamine, 3, was chosen as the precursor for the functionalization scheme ( Figure 9 ). The alcohol group of the starting alkoxyamine was converted to the bromo group using carbon tetrabromide (CBr 4 ) and triphenyl phosphine (PPh 3 ) to afford the bromide-functionalized alkoxyamine, 4, in almost quantitative yield. The bromide functional alkoxyamine, 4, was converted to the azide, 5, using sodium azide (NaN 3 ) in 71% yield. This was subsequently reduced using LiAlH 4 to give the aminefunctionalized alkoxyamine, 6, in 92% yield, which was reacted with an activated biotinfunctionalized ester (biotin-Nhydroxysuccinimide ester, 7) in the presence of triethylamine to produce the biotin-functionalized alkoxyamine initiator, 8. The biotinylated alkoxyamine was used in the nitroxide exchange during NMP of dimethylacrylamide from the patterned inimer embedded photopolymer yielding PDMA brush layers with biotinylated end-groups. SEM images (Figure 10 ) taken before and after the growth of the patterned brushes showed an increase in the height of the patterned lines. The initial width of the initiator embedded line was 75 nm which increased to 114 nm (⌬ 39 nm) after brush polymerization. As described for the pyrene reactions above, the free solution PDMA was isolated and analyzed and found to have an M n ϭ 8750 and PDI ϭ 1.16.
A substrate with the patterned biotinylated PDMA brushes was immersed in a HEPES buffered saline solution of fluorescently tagged Alexa-488 streptavidin (0.1 M) for 45 min. The substrate was removed from the solution, washed with excess buffer solution, and dried in air. Selective binding of fluorescently tagged Alexa-488 streptavidin was observed on the biotinfunctionalized brush patterns using confocal microscopy ( Figure 11 ). As a control, PDMA brushes were grown using alkoxyamine, 10, that did not have biotin functionality. These substrates were also allowed to react with fluorescently tagged Alexa-488 streptavidin as described above. After being rinsed and dried, these PDMA brush layers showed no observable attachment of streptavidin. For the biotinylated brushes, the contrast between the patterned areas and the underlying silicon substrate showed the high selectivity of the attachment to the brush layer and the relatively low level of nonspecific adsorption of protein on the silicon surface.
CONCLUSIONS
We have successfully demonstrated that in situ nitroxide radical exchange during NMP is a simple and effective technique for introduction of functionality to chain ends of grafted polymer layers. Pyrene and biotin functional groups have been successfully incorporated at the chain end of patterned polymer brush layers with the polymer grafted surfaces and nanopatterns characterized by fluorescence measurements, AFM, SEM, confocal microscopy, and water contact angle measurements. The MW of the free polymer grown concurrently in solution was used to approximate the molecular weight of the bushes. The results demonstrate accurate control over feature size and polymer brush thickness. The patterned biotinylated polymer brush layers have been utilized in the specific binding of streptavidin protein. Since streptavidin has a tetrahedral symmetry with four binding sites for biotin, further studies are presently being conducted to attach biotinylated nanoparticles and protein sequences on these nanopatterned streptavidin-functionalized surfaces. We believe the described method of polymer brush functionalization using a functionalized radical exchange process during surface-initiated living free radical polymerization is a robust and modular tool to control both the dimensions and the functionality of grafted polymer brushes on the nanometer scale. The ability to pattern biologically relevant materials at this length scale with the ease and speed demonstrated will enable new device and sensor development.
METHODS

Materials.
All chemical reactions were performed under N 2 unless noted. THF was distilled under N 2 from sodium benzophenone. DMF was used as received. Styrene was freshly distilled from CaH 2 prior to use. N,N-dimethyl acrylamide was passed through a basic alumina column prior to use. All chemicals were purchased from Sigma Aldrich and unless noted were used as received. Streptavidin, Alexa Fluor 488 conjugated/tagged, was purchased from Molecular Probes (Invitrogen). Syntheses of inimer (1), 13 pyrene-functionalized alkoxyamine (2), 20 hydroxymethyl-functionalized alkoxyamines (3), 20 biotin-Nhydroxy succinimide ester (7), 52 2,2,5-trimethyl-4-phenyl-3-azahexane-3-nitroxide (TIPNO, 9), 27 and 2,5-dimethyl-3-(1-phenylethoxy)-4-phenyl-3-azahexane (10) 27 were performed in accordance with literature procedures. The alkoxyamine initiator embedded patterns were prepared as previously described in the literature, 13 using a nanocontact molding process and a methacrylate-based photocurable resin.
Characterization. Nuclear magnetic resonance (NMR) spectroscopy was performed on a Varian Unity 400 MHz NMR spectrometer using deuterated chloroform (CDCl 3 ) as solvent and the internal solvent peak as the reference. Electrospray mass spectroscopy (ESMS) was taken at Cornell BioResource Center using a Bruker Esquire-LC ion trap mass spectrometer. GPC was carried out on a Waters chromatograph (four Waters Styragel HR columns HR1, HR2, HR4, and HR5E in series) connected to a Waters 410 differential refractometer with THF as the carrier solvent.
The SEM images were taken using a LEO 1550 SEM with a Schottky field emission source. The confocal microscopy was performed using a Leica TCS SP2 scanning confocal microscope. UV/ vis absorption spectra were recorded using an HP 8452A diode array spectrometer. Emission was measured using an SA Instruments FL3-11 fluorimeter. Epifluorescent microscopy was performed using a Nikon E400 microscope body equipped with a Nikon EPI EF illumination unit and a 100 W mercury light source. AFM images of polymer patterns were obtained with a Digital Instruments Dimension 5000 in intermittent contact mode at a scan rate of 1 Hz. Samples were imaged under ambient conditions with silicon nitride cantilevers (spring constant 0.58 N/m).
Synthesis of Bromine-Functionalized Alkoxyamine (4). To a solution of alkoxyamine alcohol 3 (2.01 g, 5.65 mmol) in THF (10 mL) was added CBr 4 (2.33 g, 7.03 mmol) followed by portionwise addition of PPh 3 (1.84 g, 7.03 mmol). The reaction was quenched after 5 min with 2 mL of water. The reaction mixture was concentrated using a rotatory evaporator. Dichloromethane and water (50 mL each) were added. The organic layer was removed and dried over MgSO 4 , filtered, and evaporated to dryness. The crude product was purified by flash chromatography, starting with pure hexanes and increasing to 1:1 hexanes/CH 2 Cl 2 to obtain 2.36 g (99%) of bromide, 4, as a colorless oil. www.acsnano.org 11 g, 17 mmol) , and 18-crown-6 (25 mg) was stirred in DMF (15 mL) at 60°C for 16 h. The reaction mixture was then poured into water (150 mL) and extracted with CH 2 Cl 2 (3 ϫ 40 mL). The organic fractions were dried with MgSO 4 , filtered, and evaporated to dryness. The residue was purified by flash column chromatography eluting with 1:1 petroleum ether/CH 2 Cl 2 to obtain 1.53 g (71%) of azidefunctionalized alkoxyamine, 5, as a light yellow oil. Synthesis of Amine-Functionalized Alkoxyamine (6). LiAlH 4 (148 mg, 4.02 mmol) was added slowly to 5 (1.53 g, 4.02 mmol) dissolved in THF (25 mL) and cooled to 0°C. After the reaction was stirred under argon for 16 h, water (160 L) was slowly added followed by filtration and concentration by a rotovaporator. The crude product was purified by flash column chromatography eluting with 5% MeOH/CH 2 Cl 2 to obtain 1.31 g (92%) of aminofunctionalized alkoxyamine, 6, as a light yellow liquid. 
Synthesis of Biotin-Functionalized Alkoxyamine (8).
To a solution of alkoxyamine 6 (0.49 g, 1.37 mmol) in DMF (8.8 mL) was added 1.76 mL of triethylamine. After the solution was stirred for 30 min, a solution of biotin-N-hydroxy succinimide ester 7 (0.47 g, 1.37 mmol) in DMF (3 mL) was added. The reaction mixture was stirred for 24 h at room temperature and then concentrated. The crude product was precipitated by addition of 100 mL of diethyl ether, filtered, and washed again with 50 mL of diethyl ether. NMR showed no presence of 7. General Procedure for the Preparation of Chain-End Functionalized Polymer Brush Layers. Silicon substrates covered with a patterned photopolymer that contained embedded initiators were prepared by nanocontact molding. 13 The substrates were immersed in a solution of DMF, monomer (styrene or N,Ndimethylacrylamide), and the desired alkoxyamine in a glass reaction vessel. Three freeze-pump-thaw cycles were applied before heating the reaction vessel to 125°C under N 2 for 12 h. The reaction mixture was cooled and the polymerization solution decanted and added dropwise to methanol (in the case of polystyrene) or hexanes/diethylether (in the case of PDMA) to precipitate the polymer. The free polymer was filtered and dried. The silicon substrates were washed liberally with acetone, dichloromethane, THF, and water and then dried.
Pyrene-Functionalized Patterned Polystyrene Brushes. The general procedure above was followed with the use of pyrenefunctionalized alkoxyamine 2 (24 mg, 3.84 mol), styrene (2.5 mL, 2.27 g), and DMF (2.5 mL). The free polymer formed in solution was precipitated from methanol. Yield 1.31 g (58%). GPC molecular weight: M n 34 700 (calcd ϭ 34 200); PDI ϭ 1.16.
Biotin-Functionalized Patterned PDMA Brushes. The general procedure above was followed using the biotin-functionalized alkoxyamine 8 (24 mg, 41.32 mol), N,N-dimethylacrylamide (1.50 g), DMF (2.5 mL), and 0.45 mg of free nitroxide (TIPNO, 9). The free polymer formed in solution was precipitated from cold hexanes. Yield 0.35 g (23%). GPC molecular weight: M n ϭ 8750 (calcd ϭ 8470); PDI ϭ 1.16.
Binding of Streptavidin onto Biotin-Functionalized Nanopatterned Polymer Brushes. Alexa 488 nm streptavidin solution (0.1 M) was prepared using HEPES buffered saline (0.1 M NaCl; pH ϭ 7.4) with 0.02% Tween 20 detergent (v/v) to prevent nonspecific binding. The silicon substrates containing patterned biotinylated polymer brush layers were immersed in 5 mL of 0.1 M Alexa 488 nm streptavidin solution for 45 min. The wafers were removed, washed liberally with the buffer, and allowed to dry before being observed under a confocal microscope.
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